changes in a rat parietal cortex after endothelin-1-induced middle cerebral artery occlusion monitored by optical coherence tomography," J. Biomed. Opt. 21 (7) Abstract. A blockage of the middle cerebral artery (MCA) on the cortical branch will seriously affect the blood supply of the cerebral cortex. Real-time monitoring of MCA hemodynamic parameters is critical for therapy and rehabilitation. Optical coherence tomography (OCT) is a powerful imaging modality that can produce not only structural images but also functional information on the tissue. We use OCT to detect hemodynamic changes after MCA branch occlusion. We injected a selected dose of endothelin-1 (ET-1) at a depth of 1 mm near the MCA and let the blood vessels follow a process first of occlusion and then of slow reperfusion as realistically as possible to simulate local cerebral ischemia. During this period, we used optical microangiography and Doppler OCT to obtain multiple hemodynamic MCA parameters. The change trend of these parameters from before to after ET-1 injection clearly reflects the dynamic regularity of the MCA. These results show the mechanism of the cerebral ischemia-reperfusion process after a transient middle cerebral artery occlusion and confirm that OCT can be used to monitor hemodynamic parameters.
Hemodynamic changes in a rat parietal cortex after endothelin-1-induced middle cerebral artery occlusion monitored by optical coherence tomography 
Introduction
The middle cerebral artery (MCA) on the cortical branch (M3 segment 1 ) is one of the main sources of blood supply in the parietal cortex. Once blocked, it will seriously affect the oxygen supply of the cerebral cortex, resulting in irreversible nerve damage and brain function loss. 2 Changes in cerebral hemodynamic parameters in the MCA, such as vessel diameter, blood flow velocity, blood flow rate (BFR), and microvascular perfusion correlate strongly with the blood circulation of the cerebral cortex. 3 Therefore, measuring these changes can provide important information for therapy and rehabilitation after a middle cerebral artery occlusion (MCAO). 4 Endothelin-1 (ET-1), which is secreted and released by vascular endothelial cells, is a potent vasoconstrictor on cerebral arteries in the vascular bed. 5 Following the topical application of ET-1 to the exposed MCA, there is a lasting and significant reduction in the BFR to pathological levels in the brains of rats. 6 After a period of time (determined by dose regulation), MCA will form a gradual reperfusion, which is very similar to a real stroke. 7 Therefore, the ET-1-induced MCA model has a distinct advantage over other models, such as cauterization, microclips and threads, intraluminal filaments, and photochemically induced thrombolytic occlusion. 8, 9 However, the duration of reduced BFR and the reperfusion characteristics are poorly understood. Sharkey et al. used ET-1 to establish an early MCAO animal model. Fuxe et al. used laser Doppler to measure the decrease of BFR in the frontal and parietal lobe cortices after injecting ET-1 into a rat's brain cortex and observed the influence of different dosages. Filially, ET-1 enables a focal cerebral ischemia model. 10, 11 If injected directly into the brain, ET-1 will have a profound and lasting influence on the BFR, which leads to ischemic brain damage around the MCA. 12, 13 After ∼20 to 30 min, the blood will gradually pass through the occluded vessels. 14, 15 In addition to the above-mentioned research on the ET-1-induced MCAO model, there are still a number of phenomena and mechanisms to be studied.
Understanding the hemodynamic parameters after cerebral ischemia is critical. Many techniques have been used to measure these parameters, but some important limitations remain. Laser Doppler velocimetry 16 uses laser Doppler to measure the fluid velocity with high sensitivity and a wide dynamic range. However, it has the disadvantage of poor spatial resolution, which limits its ability to convey the overall morphology of microvascular perfusion. 15 Laser speckle contrast imaging (LSI) 17, 18 has been used to detect changes in cerebral blood flow (CBF) in real time. Because of the spatial or temporal blurring of a speckle pattern from a laser onto a CCD camera, two-dimensional (2-D) maps of the CBF have high spatial and temporal resolution. However, because LSI lacks depth resolution, it cannot be used to determine the axial component of the blood vessels. Phase contrast magnetic resonance imaging (PC-MRI) uses the principle of bipolar gradient phase difference between the static structure and the fluid to carry out the quantitative measurement of flow rate based on the cross-sectional area of blood vessels to obtain BFR with no wound and no depth limit. However, PC-MRI can have multiple errors and limited spatiotemporal resolution, which inevitably impact the accuracy of MRI-based hemodynamic parameter estimates. 19, 20 In addition, the high cost of the equipment has limited the widespread use of PC-MRI. Transcranial Doppler (TCD) is an ultrasound technique based on the Doppler effect that can be used to study the hemodynamics of large intracranial blood vessels without a contrast agent and can accurately measure the axial blood flow velocity in some cerebral blood vessels. 21, 22 TCD is commonly used to assess the collateral compensative capacity in patients with internal carotid artery occlusion. 23 There are, however, some disadvantages to high-frequency ultrasound for imaging hemodynamic MCA parameters. Although it is noninvasive, ultrasound requires the transducer to be in acoustic contact with the sample, and the appropriate acoustic window must be selected. Ultrasound is only capable of measuring the flow velocity of a limited number of large blood vessels. Its lateral resolution is not very satisfactory, and the measurement error of the Doppler angle is significant. To summarize, an accurate BFR measurement requires high temporal and spatial resolution, high sensitivity, and three-dimensional (3-D) imaging. To reduce the external stimulus and improve the accuracy, it also should be noncontact.
Optical coherence tomography (OCT) is a developing optical imaging technology based on the theory of partially coherent light interference, which has the potential to measure hemodynamic parameters in rats. 24 Chen et al. 25 combined OCT with Doppler technology and proposed phase-resolved Doppler OCT. This detects the axial displacement of blood cells at a specific time by measuring the phase difference (ΔΦ) between two adjacent A-scans and calculating the axial blood flow velocity of large blood vessels. [25] [26] [27] Wang et al. 28 first proposed a type of 3-D vascular reconstruction technology with high resolution which was based on OCT and was called optical microangiography (OMAG). It can separate the dynamic blood flow information from the static tissue and cannot only quantify the size of the vessel diameter, but also clearly show the orientation of the brain blood vessels. The latter is the prerequisite for the Doppler angle. The combination of the two techniques can be used to measure the BFR accurately and has been widely used. Zhi et al. 3 demonstrate the feasibility of OMAG and Doppler OCT and quantitatively assessed the retinal BFR in a rat model that had been subjected to raised intraocular pressure. Yali et al. 29 applied OMAG and the Doppler effect to study vascular microcirculation in mice under hypoxia, including the passive and active modulation of microvascular density and flux regulation. Baran et al. 4 applied the same technology to evaluate changes in vessel lumen diameter and blood flow velocity among a large number of pial and penetrating arterioles within the arteriolo-arteriolar anastomosis abundant region that overlays the penumbra in the parietal cortex after an MCAO. These findings reveal a number of important physiological mechanisms and have made significant contributions to human health. They also prove the efficacy of OCT in measuring hemodynamic parameters.
In this paper, we report on the use of OMAG and Doppler OCT to observe the process of MCA ischemia-reperfusion in a rat ischemia model induced by ET-1. We selected the MCA branches of the parietal cortex as a region of interest (ROI) to evaluate dynamic changes in blood vessel parameters (include diameter size, Doppler angle, and axial velocity) from before to after ET-1 injection. The absolute velocity of the blood can then be calculated by the Doppler angle and the axial velocity. 30 Finally, the diameter size and the absolute velocity will reflect the variation trend of BFR in the blood vessel.
System and Materials

Systems
This study employed a spectral domain optical coherence tomography system, which is based on an InGaAs line scan camera operating at a 79-kHz line rate [ Fig. 1(a) ]. This system utilizes a broadband superluminescent diode with 1321.5-nm central wavelength and 60-nm bandwidth to offer ∼14 μm axial resolution in air. The ex-fiber output power was rated at ∼8 mW. The light emitted from the light source was split into a sample arm and reference arm through a 2 × 2 fiber coupler. In the sample arm, the light was delivered to the sample through an optical probe containing a collimator, an X-Y 2-D galvanometer scanning system, and an objective lens. We used a 50-mm focal length objective lens to achieve ∼16-μm lateral resolution. The output light from the interferometer was routed to a home-built spectrometer, which consisted of a 30-mm focal length collimator, a 600 Grooves Grating (Edmund Optics Ltd.), and an achromatic focusing lens with 150-mm focal length. The focused light spectrum was impinged onto a line-scan CCD camera (Goodrich, 2048R). It had a designed spectral resolution of ∼0.12 nm and provided a detectable depth range of ∼3 mm on each side of the zero delay line. For OMAG imaging, we acquired 2 B-scans at each position to obtain dynamic information [Eq. (2)]. Totally, it takes ∼1.5 s to achieve a 256 × 200 (X × Y) OMAG image. When measuring the blood flow velocity, we acquired 200 B-scans at the same position. During one lateral B-scan cycle, 256 A-lines were acquired to cover ∼1.1 mm on the ROIs. The overlap between adjacent two Ascans was about 75% (lateral diameter of sampling light focus point is ∼16 μm), which was sufficient for Doppler spectral domain OCT measurement. The blood flow velocity shown in Fig. 2 is the average of 200 B-scans.
Animal Models
Three-month-old Sprague-Dawley rats (male) with body weights of ∼250 g were used in this study. All procedures were performed in accordance with the Animal Ethics and Administrative Council of Northeastern University. All efforts were made to minimize animal suffering and to reduce the number of animals used. Surgical anesthesia was induced with sodium pentobarbital (3%, 5 mg∕100 g, IP). The anesthetized rats were fixed on a stereotaxic apparatus (ST-5ND-C) with ear bars and a clamping device. The fur on the rats' heads was shaved, and the skin was cleaned with a 0.9% sodium chloride physiological solution. The skin was cut along the midline of the skull, and the interparietal bone was exposed by pulling the skin to the sides. Next, the subcutaneous tissue and the periosteum were cleaned. To obtain a clearer flow image, we ground the skull to a suitable thickness using a 1.2-mm diameter flat cranial drill. After the procedure, the rats were placed in the arm of the OCT sample and prepared for data acquisition [ Fig. 1(b) ]. The stereotaxic coordinates of the ET-1 injection were 2.59 mm anterior, 2.63 mm lateral, and 1.0 mm ventral relative to bregma. A 3-μl ET-1 (0.9% normal saline diluted to 100 pmol∕L) dose was injected at 1 μl∕ min. After injection, we waited for 3 min to ensure that the drug was fully absorbed. The needle was slowly removed, and the rat was immediately placed under the sample arm to begin scanning. This part of the procedure was performed using the translation table to ensure that the same position was used for every scan.
3 Methods and Theories
Microvascular Perfusion Imaging
Microvascular perfusion imaging based on OCT has extremely high resolution for perfusion imaging of the large blood vessels and clearly shows the distribution of microvascular perfusion. We were able to understand the cerebral cortex of the ischemic sample intuitively by observing the perfusion and distribution of nearby microblood vessels. This has significance for diagnosis and evaluation. When the infrared light passed through the sample, backscattering occurred at different depths, and the backscattered light received by the system can be regarded as the superposition of different depth components. The backscattered light and the reference light reflected by the plane mirror -generated interference. The interferogram of a B-scan captured by the CCD camera can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 5 7 0
where i ¼ 1: : : 1024 is the pixel number index of the CCD camera; k i is the wave number captured by the i 0 th pixel; t is the time point at which an A-scan is captured; E R is the light reflected from the reference arm; SðkÞ is the spectral density of the SLD light source used; aðz; tÞ is the amplitude of the backscattered light at depth z; and n is the average refractive index of tissue, assumed to be constant. A differential operation was applied to obtain dynamic information. This can be described as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 4 2 6 I j ðk; tÞ ¼ Iðk; t þ Δt B Þ − Iðk; tÞ; j ¼ 1;2; 3; : : : ; 200;
where I j ðt; kÞ denotes the flow signal at j 0 th position (a total of 200 positions) along the C-scan direction and Δt B is the time interval between adjacent B-scans. As the differential operation is equivalent to high-pass filtering, it suppressed the optical scattering signals from the static elements. Then, by applying fast Fourier transforms in k space, the solution to the depth direction was obtained. Finally, a 3-D microangiogram was rendered using Amira 3-D visualization software.
Blood Flow Rate Measurement
When the incident light is irradiating to the moving red blood cells, the frequency of the subsequent backscattering light will change due to the Doppler effect. If two adjacent A-scans are closely related, the phase difference (ΔΦ) between the two beams will introduce displacement, which can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 2 2 1
where λ is the central wavelength of the light source, n is the refractive index of tissue, and Δt A ¼ 1∕79;000 s is the time interval between adjacent A-scans. V Z is the axial velocity, which can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 1 3 6
To calculate the absolute velocity through the axial velocity, we needed to know the Doppler angle (the angle between the (7) incident light and the flow direction). The Doppler angle θ measurement equation for 3-D data is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ;
where δ x ; δ y , and δ z are the distances between the three directions of 3-D data.
represents the length of the vessel's projection in the X-Y plane.
Absolute flow velocity V can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 6 3 ; 6 4 0 V ¼ V z cos θ :
Blood vessel diameter was calculated by the boundary of the vessel's contour in the OCT blood vessel image. The crosssectional area of the blood vessel can be calculated using S ¼ πðD∕2Þ 2 .
The BFR was then calculated by multiplying the absolute average velocity V by the cross-sectional area S of the blood vessel E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 5 1 8 BFR ¼ V · S:
4 Results ) show the change of the blood vessel diameter from before to after ET-1 injection in the ROI. The data were collected every 5 min for a total of 10 measurements. The diameter of the blood vessels first began to decrease, reached a minimum at 10 min, and recovered slowly. Mecca at al. observed primary and secondary branches of the MCA during ET-1injection using a microscope and described the changes of blood vessel diameter over time.
That study included a sham operation group, a normal control group, and a drug intervention group. 31 The variations in diameter in this paper are consistent with those in Ref. 31 . Figures 4(a)-4(c) show blood vessel perfusion maps of three rats in the ROI prior to the injection of ET-1. The white arrow indicates each MCA branch to be measured, and the white line is the cross-section of the velocity measurement. Figure 4(d) is the change curve of each MCA diameter. Figure 5 shows the acquisition process of the Doppler angle. We obtained a 3-D vasculature image [ Fig. 5(a) ] using OMAG. To demonstrate the MCA's Doppler angle calculation method more clearly, we separated the blood vessels shown in The next step was to calculate the absolute blood flow velocity of the MCA, which was divided into three steps. First, the phase difference was measured by OCT Doppler. The axial velocity V Z was then obtained by Eq. (4). Finally, the absolute velocity was obtained using Eq. (6) . Here, all pixel values were positive because we used the modulus. Quantitative results for each step are shown in Table 1 . Figure 6 shows the average absolute velocity of rat 1 at different times. There is an obvious (7) difference between Figs. 6(b) and 6(a). The value shown in Fig. 6(e) is approximately half at the same time point (0 min). Figure 7 (a) shows the absolute velocity change curve of the MCA, which was calculated using Eq. (6). The trends of the blood vessel diameter change and variation of absolute velocity are extremely close, as shown in Figs. 4(d) and 7(a) , indicating that ET-1 can effectively shrink blood vessels and block blood flow. Figure 7(b) shows the instantaneous absolute velocity curve of rat 1 at the MCA center at time (0 min) and (10 min). The abscissa is the number of B-scans. In this paper, each group of data was collected from 200 B-scans, and each B-scan contained 256 A-scans. The sampling time of each group of data was 1 s. As is shown in Fig. 7(b) , the heart rate of rats is ∼6 beats∕s. At time point 10, the blood flow velocity can be negative, which indicates that the flow direction has changed. Figure 7 (c) shows the change of the BFR. After ∼45 min, the MCA diameter returned to ∼80% of their initial state, the absolute velocity returned to half of their initial state, and the BFR returned to only 30% to 40% of their initial state.
Discussion
This paper uses a vasoconstrictor substance called ET-1 to construct a rat focal cerebral ischemia model, and the model was monitored in real time using OCT. Some meaningful cerebral hemodynamic parameters were obtained. These results not only reflect the mechanism of ET-1 in the cerebral blood vessels, but also proved that OCT has the ability to observe the changes Journal of Biomedical Optics 075014-6 July 2016 • Vol. 21 (7) of hemodynamics in the cerebral blood vessels after regulation by the hormone substance. The MCA branches are the main sources of blood supply in the parietal cortex of the brain. The blockage of this vessel will seriously affect the blood supply to the cerebral cortex, resulting in irreversible nerve damage and brain function loss. Therefore, the injection site is near the upstream of the MCA branches. Injecting ET-1 1 mm into the cortex can most directly induce the ischemia-reperfusion process. Of course, ET-1 can also be injected at other locations of the brain, such as the white matter, striatum, and proximal cerebral artery, to produce a model that meets the requirements. 32 The concentration of ET-1 in this experiment was 100 pmol∕μl. We obtained the ischemia model with a 10-min occlusion and ∼1 h of reperfusion. The times of occlusion and reperfusion differ depending on the ET-1 dose and corresponding antibodies that are regulated. 33 A whole brain blood vessel distribution map covering all cortical regions is critical because it can help determine the MCA parameter acquisition area (i.e., ROI), as shown in Fig. 3 . The shrinkage degree of blood vessels from before to after ET-1 injection has been described in detail. An MCA blockage severely affects the blood supply of the cerebral cortex. Most of the capillaries in the ROI are not shown in Figs. 3(b)-3(f) . This indicates that the blood flow in the capillaries is stopped or that blood flow velocity is too low, leaving the cortex in the ROI in a state of ischemia and hypoxia. Because of the slow blood flow velocity, the blood vessels in the figure are discontinuous. When the blood flows in the diastolic heart, the flow signal is lost because the blood flow velocity is reduced to the lowest value, which is beyond the sensitivity range of the system. When the blood flows in the systolic heart, the gradual recovery of the flow velocity brings the flow signal. Occasional vasospastic responses may be another cause of vascular discontinuity. After ∼30 min, the capillaries begin to gradually recover. In this time period, the brain's cortex is likely to have been severely damaged.
ET-1 is the most potent vasoconstrictor on cerebral arteries to be identified to date. It induces the blood vessels to shrink to nearly a closed state in a short time, which severely affects the blood flow velocity in the downstream blood vessels. Therefore, the change in MCA diameter is the direct effect of ET-1, while the change in MCA flow velocity is due to upstream obstruction. As is shown in Figs. 4(d) and 7(a) , the change trends of the MCA blood vessel diameter and absolute velocity are synchronous. This phenomenon illustrates two things. The range of action of ET-1 is great as it both blocks the point of injection and shrinks the MCA in an ROI. In addition, the diffusion speed of ET-1 is very fast, as shown by the fact that the injection point and ROI response are almost simultaneous. It is worth noting that the velocity/BFR showed a much delayed recovery compared to the recovery of vessel diameter. After 45 min, the MCA diameter returned to ∼80% of its initial state and the absolute velocity to only half of its initial state. This is probably caused by ischemia reperfusion injury-induced vascular endothelial dysfunction, which is largely a consequence of changes in the endothelial cells themselves, affecting the integrity of barrier function, cytokine and adhesion molecule expression, and vascular tone. 34 Impaired blood vessels are difficult to recover in the short term. Therefore, the blood flow cannot be restored to the level before the vascular occlusion. Because of individual differences, there are some differences in reperfusion injury in different rats. The speed of blood flow recovery was proportional to the degree of injury. It can be seen from Fig. 7(a) that the recovered blood flow velocities of rat 2 and rat 3 were faster than that of rat 1. Figure 7(b) shows that the value of absolute velocity of rat 1 at time point 10 hovered near zero, indicating that the flow direction of some adjacent vessels can be changed after severe stenosis or occlusion and that the appearance of pathological channels can be identified according to the changes in blood flow direction. After 45 min, the BFR remained at a low level for a long time, confirming that the model mimics a stroke [ Fig. 7(c)] .
Two more samples of rats have been used to demonstrate the ability to reproduce these experiments. As can be seen from the results, it is obvious that the hemodynamic parameters of the three rats reached the lowest point after 10 min of the injection, and then gradually recovered. Depending on individual differences, the degree of recovery is slightly different, but the overall change trend is similar.
Conclusion
This paper shows the mechanism of cerebral ischemia-reperfusion after ET-1-induced MCAO. After an ET-1 injection, the BFR will first decline rapidly and then slowly recover. This is significant for drug development and other basic research. This paper also proves the efficacy of OCT in blood flow monitoring, providing an important reference for therapy and rehabilitation after MCAO. 
